A Pd/C gas-diffusion cathode which generated H 2 O 2 through a two-electron reduction process of fed oxygen molecule was used to degrade 4-chlorophenol in an undivided electrolysis device. The kinetics of 4-chlorophenol degradation has been investigated by the electrochemical oxidation processes. By inspecting the relationship between the rate constants (k) and influencing factors, using first-order kinetics to describe the electrochemical oxidation process of 4-chlorophenol, a kinetic model of 4-chlorophenol degradation process was proposed to calculate the 4-chlorophenol effluent concentration: C ¼ C 0 expðÀ3:76 × 10 À6 C À0:5 0 J 2 M À0:7 Q 0:17 DtÞ. It was found that the electrocatalytic degradation rate of 4-chlorophenol was affected by current density, electrode distance, air-feeding rate, electrolyte concentration and initial 4-chlorophenol concentration. The kinetics obtained from the experiments under corresponding electrochemical conditions could provide an accurate estimation of 4-chlorophenol effluent concentration and lead to better design of the electrochemical reactor.
INTRODUCTION
The cooperative oxidation of active anodes and electrogenerated oxidant species on the cathode is expected to increase notably the degradation rate of organic compounds (Masomboon et al. ) . In previous research, a self-made Pd/C O 2 -fed cathode and a Ti/IrO 2 /RuO 2 anode were used for the electrochemical degradation of 4-chlorophenol (Wang & Wang ) . For industrial applications, it is very important to obtain a consistent mathematical model that predicts process performance (Wang et al. ) .
In this paper, the degradation of 4-chlorophenol in an undivided electrolysis device with a self-made Pd/C gas-diffusion cathode and a Ti anode was systemically investigated. Additionally, the acquirement of the relationship between removal efficiency and several operation parameters, such as initial 4-chlorophenol concentration, current density, electrolyte concentration, rate of feeding air and electrode distance, gave an integrated estimation of 4-chlorophenol concentration effluent.
METHODS

Preparation of Pd/C catalyst and gas-diffusion cathode
Pd/C catalysts with a Pd load of 0.5 wt% were prepared by hydrogen gas reduction, and fully characterized by X-ray diffraction, transmission electron microscopy, and X-ray photoelectron spectroscopy. In the catalyst, Pd particles with an average diameter size of 4.1 nm were highly dispersed in the activated carbon with an amorphous structure. Pd content on the surface of the Pd/C catalyst reached 1.3 at% (atomic concentration). The Pd/C gas-diffusion cathodes were constructed according to the reported procedure (Wang & Wang ) .
Procedures
Electrolysis was conducted in a terylene diaphragm cell of 100 mL. The anode was a Ti net of 16 cm 2 . The cathode was a gas-diffusion electrode of 16 cm 2 . A schematic diagram of the experimental set-up has been given elsewhere (Wang et al. ) . The experimental conditions were as follows: the initial 4-chlorophenol concentration was prepared from 100 to 400 mg/L; the current density was set from 18 to 46 mA/cm 2 ; the concentration of supporting electrolyte (Na 2 SO 4 ) was from 0.01 to 0.10 mol/L; the distance between electrodes was changed from 0.5 to 3.0 cm; the initial pH was 7. Before the electrolysis, air was fed for 5 min in order to keep the reaction solution oxygen saturated. Furthermore, air was fed with a flow rate of 0-50 mL/s into the electrolysis device.
Analysis methods
The determination of the 4-chlorophenol concentration was carried out using high-performance liquid chromatography (HPLC, Shimadzu, Japan) by comparing with the standard compounds. Samples of 20 μL previously filtered with PTFE (polytetrafluoroethylene) filters of 0.45 μm were injected to the HPLC. The separation was performed using a Znertisl ODS-SP C18 column (250 mm × 4.6 mm, 5 μm) at the flow rate of 1.0 mL/min and at column temperature of 25 W C. The mobile phase was methanol/water (v/v) at 80/20, and a UV detector was used with the wavelength set at 280 nm.
RESULTS AND DISCUSSION
Kinetic modelling for electrochemical degradation of 4-chlorophenol
The electrochemical degradation of 4-chlorophenol followed the first-order kinetic modelling was expressed by Equation (1):
where C 0 and C t are 4-chlorophenol concentrations before electrolysis and at reaction time t (mg/L), k is the firstorder reaction rate constant (min À1 ), and t is the reaction time (min). Electrochemical operation conditions played a key role in 4-chlorophenol degradation. It was assumed that the degradation rate constant (k) is affected by several key factors, including initial 4-chlorophenol concentration (C 0 ), current density (J ), electrolyte concentration (M ), rate of feeding air (Q) and electrode distance (D). An empirical form of Equation (2) was then used to summarize their relationships:
where ε, a, b, c, d and e are constants.
Effect of initial 4-chlorophenol concentration Figure 1 shows the 4-chlorophenol degradation rate constants with different initial 4-chlorophenol concentrations. The 4-chlorophenol degradation rate constant increased with the decreasing of the initial 4-chlorophenol concentration. The rate constant under the initial 4-chlorophenol concentration of 100 mg/L was 0.0311 min À1 , nearly twofold higher than that under the initial concentration of 200 mg/L. It can be attributed to the intermediate products in the electrolysis process competing with 4-chlorophenol and water on the active site of the electrode, which decreases the degradation rate. Hence, the degradation rate constant was expressed as Equation (3), which was consistent with the C 0 :
where k 1 is a constant. Computed data of the current experiment show that k 1 ¼ 0.315 min À1 , a ¼ À0.5 (R 2 ¼ 0.9956). Therefore, the above equation might be rewritten as Equation (4):
Effect of current density Figure 2 presents the 4-chlorophenol degradation rate constants with different current density. A considerable increase of the rate constant with the increasing current density could be observed. For an applied current density of 18 mA/cm 2 , the rate constant was only 0.00656 min À1 , while it was 0.0432 min À1 under the current density of 46 mA cm À2 . The latter was about sixfold higher than the former. These results indicated that the driving force of the electron transfer in the electrode reactions became greater with the increase of current density. In addition, the increase of the ion transportability contributed a high rate of generation of HO· responsible for the 4-chlorophenol oxidation processes. Hence, a relationship between current density J and degradation rate constant k was proposed as the form in Equation (5):
where k 2 is a constant. According to current experimental results, k 2 ¼ 2.04 × 10 À5 min À1 and b ¼ 2 (R 2 ¼ 0.9996).
The above equation could be represented as Equation (6):
Effect of electrolyte concentration Figure 3 shows the 4-chlorophenol degradation rate constants with different electrolyte concentrations. The decrease of electrolyte concentration was an effective way to improve the electrochemical degradation of 4chlorophenol when the electrolyte concentrations ranged between 0.01 and 0.07 mol/L. It was obviously that low electrolyte concentration resulted in the high cell voltage and electrolyte temperature. Then, when the concentration of electrolyte increased from 0.07 to 0.10 mol/L, the degradation rate constant became greater. However, the larger electrolyte dosage will increase the application cost and the drainage pollution from electrolytes during wastewater treatment. In this study, the equation relationship between the electrolyte concentration M and k could be represented as Equation (7):
When the electrolyte concentration ranged between 0.01 and 0.07 mol/L, it was proposed that the exponential dependence of the first-order kinetic constant (k) could be expressed as Equation (8):
where k 3 is a constant. According to the experimental results, k 3 ¼ 2.01 × 10 À3 min À1 and c ¼ À0.7 (R 2 ¼ 0.9971), Equation (8) could be represented in the form of k ¼ 2:01 × 10 À3 M À0:7 (9)
Effect of the air feeding rate Figure 4 shows that the 4-chlorophenol degradation rate constant increases with the increasing of the rate of feeding air. The rate constant reached the maximum when the aeration speed is 30 mL/s. The large amount of dissolved oxygen caused by the high rate of feeding air was favourable to the formation of H 2 O 2 and hydroxide radicals. However, when the rate of feeding air was more than 30 mL/s, the rate constant began to decrease with the increasing of the rate of feeding air. This was because the rate of feeding air was too high and the mass transfer speed was too fast, which made the in situ produced strong oxidants easy to be quenched and they bubbled away before reacting with 4-chlorophenol. In the present study, the equation relationship between Q and k could be represented as Equation (10):
k ¼ À1:6387 × 10 À5 Q 2 þ 9:2072 × 10 À4 Q þ 0:0181
When the rate of feeding air was less than 30 mL/s, it is proposed that the rate constant affected by air feeding rate Q can be expressed as Equation (11):
where k 4 is a constant. Computed data of the current experiments show that k 4 ¼ 0.0177 min À1 , d ¼ 0.17 (R 2 ¼ 0.9975). Therefore, the above equation could be rewritten as Equation (12):
As shown in Equation (12), the degradation rate constant was slightly affected by Q. It indicated that the aeration process was not an economical choice for the enhancement of 4-chlorophenol removal efficiency regardless of accelerating the mass transfer and providing the oxygen demand for the reaction process. Figure 5 illustrates the 4-chlorophenol degradation rate constants with different electrode distance. The rate constant increased with the electrode distance adjusted from 0.5 to 2.0 cm and reached the maximum value when the distance was 2.0 cm. Then the rate constant decreased with the additional increase of the electrode distance. In the present study, the relationship between D and k could be represented as Equation (13):
Effect of electrode distance
k ¼ À0:0058 D 2 þ 0:0288 D À 0:0056 (R 2 ¼ 0:9763) (13) When the electrode distance was less than 2.5 cm, a relationship between D and k is proposed as the form in Equation (14):
where k 5 is a constant. According to the current experimental results, k 5 ¼ 0.0160 min À1 and e ¼ 1 (R 2 ¼ 0.9989). The above equation could be represented as Equation (15):
Development of rate-constant equation
A series of experiments were conducted in the present study to inspect the effects of key factors including initial 4chlorophenol concentration, current density, electrolyte concentration, rate of feeding air and electrode distance on the degradation of 4-chlorophenol. The constants of Equation (2) such as ε, a, b, c, d and e were calculated and assigned as 3.76 × 10 À6 , À0.5, 2, À0.7, 0.17 and 1, respectively. By substituting these values into Equation (2), a comprehensive form of k could be obtained:
Hence, the degradation modelling expression Equation (1) was then arranged as Equation (17):
When electrochemical degradation of 4-chlorophenol was under the conditions of pH ¼ 7.0, C 0 ¼ 100 mg/L, J ¼ 32 mA/cm 2 , M ¼ 0.03 mol/L, Q ¼ 30 mL/s, and D ¼ 2.0 cm, the relationship between ln(C 0 /C t ) and reaction time is illustrated in Figure 6 . It demonstrated that the results calculated from the kinetic model were in good agreement with experimental data (R 2 ¼ 0.9991), and the rate for 4-chlorophenol oxidation could be easily estimated under the given electrochemical conditions. In the present bench-scale reactor, the total cost including materials and electricity reached to ¥50 per ton of wastewater when 100 mg/L 4-chlorophenol was removed. However, electrocatalytic systems could be used as a pretreatment process for conventional bio-treatments. Complete mineralization of the chloride compounds is not necessary. Non-toxicity and biodegradation should be considered for electrocatalytic pretreatment systems. 
